is study introduces an eddy current thermography technique that can be used to detect and evaluate steel corrosion in a reinforced concrete structure. e rate of surface temperature changes in reinforced concrete is proposed as a means to characterize the degree of steel bar corrosion. e rate of surface temperature changes increased gradually with an increase in the corrosion degree. e influence of structural parameters on the rate of the temperature change was analyzed in detail. e results indicated that the rate of surface temperature change increased with a decrease in the concrete cover depth and with an increase in the humidity of the concrete, and this was affected by the diameter of the internal steel bar. Concrete cover was the most significant factor that affected the rate of the surface temperature change, except for the corrosion degree. e variations in the surface temperature of reinforced concrete can be explained using the law of electromagnetic induction and the electrochemical property change of corroded steel bar. is research provides a reliable basis for real-world applications and is helpful to understand the application scope of eddy current thermography technology for the quantitative detection of steel corrosion.
Introduction
Reinforced concrete structures are frequently used in bridge engineering due to their excellent mechanical and durability properties [1] [2] [3] . However, it is inevitable that some damage or defects such as concrete cracks, voids, loss of prestress, rebar corrosion, and other defects will occur in bridge structures during their construction and service periods. ese internal defects will cause a great threat to the safety and durability of a structure due to their increasing severity with time and environmental conditions. Steel corrosion is considered to be the first major factor that affects the durability of a concrete structure [4] [5] [6] , and it is an extremely complicated process. It is necessary to conduct nondestructive testing of steel corrosion in a reinforced concrete bridge throughout its entire life cycle due to concealment of the internal corrosion.
A large amount of research work has been conducted and many nondestructive testing methods have been proposed to detect steel corrosion in reinforced concrete [7] . ese methods include the analytical method [8] , the half-cell potential method [9, 10] , the resistance probe method [11] , the ray method [12] , ultrasonic detection [13] , and optical fiber sensing technology [14] . Although these methods have significantly progressed steel corrosion detection, some restrictions exist for their widespread use. For example, the analytical method relies on a reasonable and reliable predictive model for assessing steel corrosion [15] , and the electrochemical method can only calibrate the corrosion rate but cannot detect the corrosion quantity of the steel bar [16, 17] . A more effective and convenient technology for corrosion detection is urgently needed. e eddy current thermography method is a nondestructive testing technology that has been developed in recent years [18] . e method is based on the principle of electromagnetic induction and infrared radiation. When a conductor is put into an alternating electromagnetic field, an eddy current is induced due to the principle of electromagnetic induction. e conductor is then heated due to Joule heating, and the surface temperature of the conductor can be recorded by employing an infrared camera. Heating efficiency is controlled by the internal material characteristics of the conductor, so the defect features of the object can be obtained by analyzing the temperature variations. Many researchers have conducted related research to detect structure defects [19] [20] [21] , pipe leakages [22] , and cracks [23] . A few groups have investigated corrosion in steel bars based on eddy current thermography, and they have found that the temperature of a steel bar is dependent on the corrosion degree of the specimens [24] [25] [26] [27] . However, in nondestructive test methods for steel corrosion in concrete, many factors can influence the thermal properties of a steel bar buried in concrete, such as the depth of the concrete layer, the diameter of the steel bar, and the concrete's humidity. ese factors can affect the corrosion detection of the reinforcement structure. e lack of research regarding the influence of these factors limits the application of these methods to quantitatively determine the corrosion degree in steel bars.
In this study, the eddy current thermography technique is applied to detect steel corrosion in a concrete structure by employing an infrared thermal camera, and the influence of the structure parameters on the surface temperature of the reinforced concrete is also discussed in detail. e study is organized as follows. In Section 2, the steel bar specimens covered by concrete are introduced, and the corrosion process is presented. In Section 3, the surface temperature for each specimen is recorded by employing an infrared thermal camera, and the experimental data are analyzed and discussed. In Section 4, the results are summarized and discussed.
Preparation of the Samples
ree series of reinforced concrete specimens were fabricated to investigate steel bar corrosion detection based on eddy current thermography. e influence of the diameter of steel bar, the concrete humidity, and the concrete cover depth on temperature variations will also be discussed. e width, height, and length of each of the concrete block specimens was 100 mm × 100 mm × 400 mm, and C40 concrete was chosen to make the specimens. e depths (C) of the upper layers of the concrete in the three series of specimens were 2 cm, 3 cm, and 5 cm, and a schematic is shown in Figures 1(a) and 1(b). Photographs of the specimens are also shown in Figure 1 (c). e diameters of the twisted steel bars were 8 mm, 12 mm, and 20 mm, and the rebar lengths were 45 cm. A mold with a length of 400 mm was used to fix the steel bar in the right position and control the protective layer thickness accurately. All the reinforced concrete specimens were cured for 28 days under natural conditions, and detailed information for the specimens is shown in Table 1 .
Accelerated corrosion was introduced to the reinforced concrete specimens using the electrochemical corrosion method. Faraday's law was used to estimate the amount of steel bar corrosion and control the corrosion process. Each specimen was soaked in a 5% NaCl solution. Voltage was applied between one of the rebar ends and the preset corroded position, and the current that passed through the rebar was monitored using an amperemeter and controlled at a fixed value as much as possible. After the corrosion time reached a predetermined value, the corrosion product on the concrete surface was cleaned, and then the concrete specimen was taken out for induction heating and to record the surface temperature. To analyze the influence of the corrosion degree on the surface temperature, four corrosion times (12 hours, 24 hours, 48 hours, and 96 hours) were used. It was obvious that the corrosion degree of the steel bar increased with an increase in the corrosion time. For comparison, bare steel bars with the same diameters were corroded using the same process.
Experimental Method and Results

Experimental Method.
To investigate temperature variations in the reinforced concrete surfaces heated by an electric eddy, specimens with different degrees of corrosion were placed under a high-frequency induction coil. In order to make the steel bar fast induction heating and ensure the safety of the equipment, the heating power is controlled at 90% of the maximum output power of the instrument. e current and the frequency applied to the induction coil were 61 A and 60 kHz, respectively. e temperature of the upper surface of the specimens was monitored using a FLIR A310 thermal camera manufactured by FLIR Systems, Inc., USA, and the distance between the coil and the specimen surface was consistent throughout the experiment. e heating time was controlled according to the surface temperature of the specimens. When the surface temperature reached 30°C, the heating was stopped to prevent the concrete from cracking due to too high temperature. A schematic diagram of the high-frequency induction heating and infrared detection system is shown in Figure 2 In addition to the corrosion degree of the steel bar, it is logical to assume that the temperature variation characteristic would also depend on the structural parameters of the reinforced concrete, such as the diameter of the steel bar, the depth of the concrete cover, and the humidity of the concrete. However, a definite relationship was not yet clear. To further investigate the influence of these factors on temperature, a series of experiments were conducted.
Influence of Corrosion Time.
e surface temperatures of all the specimens were monitored throughout the experiment and saved using the FLIR A310 thermal camera. e monitor spot on each specimen was located right below the center of the induction coil and in close proximity to the upper surface of each specimen. Figures 3(a) and 3(b) show a typical raw thermograph of a specimen surface with and without the induction coil, and the measuring point for the temperature is marked as "A." A typical curve for temperature over time is shown in Figure 3 (c). e temperature rapidly increases when a high-frequency current in the induction coil is turned on, and the temperature also increases during the initial stage after the excitation current is turned off until it reaches a peak. It then decreases slowly to 2 Advances in Civil Engineering room temperature with the passage of the time due to natural cooling. is phenomenon can be understood as follows. e temperature of the internal steel bar due to induction heating is much higher than that of the concrete cover, and the temperature recorded is actually the surface temperature of the concrete cover. e heat of the steel bar is still transmitted along the longitudinal direction of the steel bar and the concrete when the eddy current has just been turned off. erefore, the surface temperature of the reinforced concrete will continue to increase. When the heat dissipates to a critical value, the surface temperature reaches a peak, and then decreases slowly under natural cooling. Figure 3(d) shows the temperature-time curves for the specimen labeled 40F12C2 with different corrosion degrees. It can be clearly seen that the longer the corrosion time is, the greater the rate of the temperature rise is for the concrete specimen. A similar trend was also obtained from temperature data for all the specimens, and this was introduced in detail in our previous work [27] . e results of this work indicated that the rate of temperature rise was determined by the corrosion degree of the reinforced concrete specimen, especially during the heating process that used high-frequency induction heating equipment. e rate of the temperature rise could be used as a characteristic parameter to reflect the corrosion degree of a specimen. Alternately, an approximate linear relationship between the temperature and time was found during the entire induction heating process. erefore, a linear fitting method was used to obtain the rate of temperature rise for only the heating stage of the temperature-time curves for a specimen, as seen in Figure 3 (c).
As previously mentioned, the heat induced by an eddy current in steel bar can diffuse from the inner steel bar to the covered concrete, and then to the air. e heat would dissipate in the covered concrete, so the surface temperature of a specimen would be lower than that of the inner steel bar. When a steel bar is corroded, it would be coated with the corrosion product. e heat induced by the eddy current would need to flow from the inner steel bar through the corrosion product and the concrete successively to the surface of the specimen. It is well known that the thermal conductivity (1.28 W/m/°C) of concrete is much larger than that (∼0.07 W/m/°C) of the corrosion product of a steel bar at room temperature and pressure. Due to the lower thermal conductivity of the corrosion product, the thermal diffusion rate of the corroded specimen from the inner steel bar to the cover concrete would be much lower than that of the uncorroded or lower corroded specimens. e thermal loss would be restrained, and this then would result in a higher temperature in the inner steel bar in the more corroded Table 1 : Detailed information of the steel bar specimens covered by concrete.
Labels
Diameter of the steel bars/mm
Depth of the concrete cover/cm 40F8C2  8  2  40F8C3  8  3  40F8C5  8  5  40F12C2  12  2  40F12C3  12  3  40F12C5  12  5  40F20C2  20  2  40F20C3  20  3  40F20C5 20 5 specimen. Hence, a larger rate of temperature rise would occur [24] . More precisely, the corrosion product between a steel bar and concrete blocks the thermal diffusion from the inner steel bar to the covered concrete, and this would lead to a higher internal reinforcement temperature. erefore, a greater temperature rise is obtained in more corroded reinforced concrete.
Influence of Lift-Off Height and Concrete-Covered
Depth. When a conductor, such as a steel bar, is put into an alternative electromagnetic field, the magnitude of induced eddy current varies with the change in the distance between the source of the radiation and the conductor. e distance between the induction coil and the upper surface of the specimen is called as the lift-off height (LFH). e magnetic flux density at the position of the steel bar is exponentially attenuated with an increase in the LFH. is would greatly weaken the induced eddy current inside the steel bar; thereby the sensitivity of the induction coil would be seriously reduced. erefore, the heating coil was always placed next to the concrete surface of the testing specimen. Hence, the lift-off height always approximately equaled zero for each measurement. Figure 4(a) shows the surface temperature dependence on time for typical uncorroded specimens whose depth of the concrete cover was 2 cm and 3 cm. It can be clearly seen that the thinner the thickness of concrete is, the faster the surface temperature changes. To clarify the effect of the depth of the concrete cover on the corrosion detection in the steel bar, Figures 4(b)-4(d) show the rate of temperature rise dependent on the corrosion time of the specimens with different concrete depths for the specimens with different steel bar diameters. e rate of the temperature rise was obtained by fitting the temperature-time curve during the induction heating stage for each specimen using the method introduced in Figure 3 . All the data indicate that the depth of the concrete cover had a significant effect on the temperature growth rate at the concrete surface. e rate of the temperature rise decays rapidly when the depth of the concrete cover increases, whether the steel bar was corroded or not. By contrast, the temperature response of the concrete specimen that had induction heating applied was too weak to measure validly by experimental observation when the concrete cover depth was greater than 5 cm. Hence, the experimental results for specimens with a concrete cover depth of 5 cm were unable to be detected.
It can be clearly seen in Figure 4 that the rate of the temperature rises of the concrete surface increases with an increase in the corrosion degree for all the specimens. Figure 5 shows the incremental rate of the temperature rise dependent on the corrosion time for different specimens.
is is defined as the incremental rate of temperature rise when the corrosion time increases from a certain value to the next value: ΔK � K i − K i− 1 , where i indicates the corrosion stage.
It can be seen that the longer the corrosion time is, the greater the increment in the rate of temperature rise is for each specimen. erefore, the incremental rate of temperature rise can also be used to quantitatively determine the corrosion degree of the internal steel bar of a reinforced concrete structure. e increment was also modulated by the concrete cover. e increment decreased rapidly with an increase in the concrete cover. For example, it decreased from the 0.076°C/s to 0.011°C/s when the thickness increased from 2 cm to 3 cm for the specimen that was corroded for 96 hours with a diameter of 20 mm. is result indicated that when the depth of the concrete cover exceeded a certain level, the rate of the temperature changes due to eddy current induction heating on the concrete surface will be very small. is will lead to difficulty in detecting the corrosion degree of an internal steel bar using the eddy current thermography method when the depth of the concrete cover is too large. Fortunately, the depth of a concrete cover is approximately 3.5 cm under normal conditions in practical bridge engineering. erefore, this method can be used to effectively detect internal corrosion of reinforced concrete structures in civil engineering.
Influence of the Diameter of the Steel Bar.
e temperature of the concrete cover surface is also affected by the diameter of the internal steel bar in a reinforced concrete specimen. Table 2 shows the rate of temperature rise dependent on the corrosion time for different specimens with different rebar radiuses. Figure 6 shows both the rate of the temperature rise and its incremental variation with the different degrees of corrosion for specimens with different internal steel bar diameters. When the diameter of the internal steel bar was different, the rate of the temperature rise was different at each corrosion stage, and the larger the diameter of the steel bar was, the larger the rate of the temperature variation. For example, when the steel bar diameter increased from 8 mm to 12 mm and from 12 mm Advances in Civil Engineering 5 to 20 mm for the uncorroded specimen, the rate of temperature rise increased by 39.0% and 31.9%, respectively.
Influence of Concrete Humidity.
To understand the effect of the humidity on temperature change, Figure 7 shows the temperature-time curves for the specimens with different water contents. e reinforced concrete specimens were soaked in NaCl solution for accelerated corrosion prior to the eddy current induction heating until the specimens were nearly saturated. e concrete specimens that were Advances in Civil Engineering corroded for 96 hours were placed indoors for five days for natural drying. e rate of temperature rise of the concrete surface increased with an increase in the water content during the heating stage. In addition, the rate of temperature drop was also greater for specimens with a higher water content due to the larger thermal conductivity of the concrete. e incremental rate of temperature rise was the greatest for specimen 40F20C2, which had the biggest internal steel bar diameter of all the specimens. e heating rate was significantly reduced when the concrete cover layer became thicker.
Discussion and Conclusion
It is easy to understand that the temperature increased rapidly due to Joule heating when a specific eddy current was induced to heat the specimen, and this feature was the same as the temperature change in a bare steel bar [27] . However, the trend in temperature change differed from the behavior of the bare steel bar when the eddy current vanished. e temperature of the concrete will rise due to the heat that has been conducted to the concrete surface from the internal heated steel bar induced by the eddy current. e thicker the concrete layer is, the less heat is transferred to its surface due to the lower thermal conductivity of concrete than that of the steel bar and the thermal diffusion loss in concrete. erefore, a thicker concrete cover resulted in a lower heating rate.
Eddy current inducted using a high-frequency alternating current undergoes a skin effect where the Joule heat is generated primarily in a skin depth range near the surface of a steel bar. With different diameters of the steel bar, both the heat-production area and the contact area between the internal steel bar and the concrete cover are different. erefore, both the heat-generation efficiency of the internal steel bar and the heat-transfer process increase with an increase in steel bar diameters. e incremental rate of temperature rise, however, was approximately the same for specimens with different internal steel bar diameters, and it can be used to detect the corrosion degree of the steel bar with a specific diameter. For a bridge in service, fortunately, the diameter of its internal main reinforcement is generally available. On the other hand, the rate of temperature rise could be employed as a parameter for steel bar diameter discrimination because of the obvious dependency relationship. e humidity of the concrete can affect the heatconduction process in the concrete, and it can be modified by changing the moisture content in the concrete. A higher moisture content would cause an increase in the thermal conductivity and specific heat capacity of the concrete, and this would affect the temperature distribution and the temperature rise rate of the concrete surface.
In conclusion, this study proposed an eddy current thermography technique that can be used to detect reinforcement corrosion in buried concrete. In addition, the results indicated that the rate of surface temperature changes and its incremental changes could be used to characterize the corrosion degree of a reinforced concrete structure. e influence of steel bar diameter, depth, and the humidity of the concrete on surface temperature variations was discussed.
e results showed that with an increase in the corrosion degree, the rate of temperature change of a concrete surface increased gradually. By contrast, the rate of temperature change can be affected by the structural parameters of reinforced concrete, and the effect of concrete cover on temperature change was the most significant compared to the other parameters. e rate of temperature change influenced by different structural parameters was explained by the eddy current heating law and the heatconduction equation for concrete. e results provide an important reference for the application of eddy current thermography technology for corrosion detection in reinforced concrete structures.
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